Abstract: Reinforcement particle size is very important for the performance of metal ceramic composites. This work studied the influence of B 4 C particle size on the mechanical properties of Al matrix layered composites. These composites were fabricated using a simplified semicontinuous casting and hot-rolling process. To obtain an optimized filling structure of particles, Horsfield filling principle was applied to determine the size and mass fraction of B 4 C particles. Four sizes of B 4 C particles were used with various combinations. The results showed that with the increase of the B 4 C particle size and fine B 4 C mass fraction, the hardness of the composites decreases whereas the impact strength and ultimate tensile strength increase. The residual stress at interface should be responsible for the variation in properties. Besides, the interparticle distance also contributes to the change in impact strength and ultimate tensile strength.
Introduction
Aluminum matrix composite (henceforth referred to as AMC) plays an important role in modern manufacturing industry. By optimized design of the structure and reinforcement phase [1] , attractive material properties can be obtained. For example, the boron carbide (B 4 C)-reinforced aluminum composite is a promising material that possesses the advantages of both Al and B 4 C, and has gained much attention in the research and application fields. Al alloys are widely used as matrix material owing to their low density, low cost, and good composability [2] . On the other hand, B 4 C is considered as an ideal reinforcement for AMCs [3] because it possesses not only high hardness but also some other excellent characteristics, such as low density, high temperature stability, and good chemical stability [4] .
However, the addition of B 4 C particles leads to not only the improvement of performance but also some defects, such as brittleness and more fracture formation sites. To balance the positives and negatives, the mass fraction of ceramic reinforcements in AMCs is usually less than 20%. When exceeding this limitation, the AMCs cannot be used due to the significantly increasing brittleness. In this case, a three-layered composite was designed in our work, consisting of B 4 C-reinforced Al matrix as an inner layer and pure Al as the outer layers. Such a composite combines the advantages of B 4 C particle-reinforced AMCs and layered material. It is noteworthy that the mass fraction of B 4 C in the inner layer is 40%, but under the support of the outer Al layer, it still shows better ductility than the conventional B 4 C-reinforced AMCs. Moreover, its outer layer of pure Al also improves weldability, meeting the industrial requirement [5] . According to previous work [6] , this "sandwich" structure composite demonstrates an excellent impact resistance performance as a protective armor material.
It is well known that many techniques are used to fabricate AMCs, for example, powder metallurgy [7] , squeeze casting [8] , stir casting [9] , and continuous casting [10] . Among these, continuous casting is an appropriate way owing to its high efficiency and surface quality, as well as its low cost and energy consumption [11] . Therefore, a simplified semicontinuous casting and following hot-rolling process was used to prepare this layered composite in this paper.
For now, the effect of reinforcement particle size on the mechanical properties of the layered composites has been seldom investigated. It is of great importance to optimize particle size for the final performance of the layered material. In this study, a filling principle was chosen to obtain an optimized particle packing structure of B 4 C-reinforced Al matrix layered composite (henceforth referred to as BRALC). The effects of the reinforcement particle size and mass fraction on the hardness, impact strength as well as ultimate tensile strength properties of the composite were investigated.
Experimental procedures

Raw materials and Horsfield filling principle
For particle-reinforced AMCs, with increasing reinforcement mass fraction, reinforcement particles distribute in the matrix unhomogeneously, leading to the low performance of the composites. Therefore, in this study, the maximum mass fraction of B 4 C in the inner layer was set to 40%.
To realize the particles close packing and further eliminate particle agglomeration, the Horsfield filling principle [12] [13] [14] [15] was applied in this work. Both the B 4 C particles' size and their respective mass fractions were calculated based on this principle. According to the adding order, the particles are entitled as primary ball, secondary ball, tertiary ball, and so on. Supposing that all the particles are spherical, and the primary balls with the radius of r are filling as the close-packed hexagonal structure, the void fraction of this structure is 25.94%. It can be calculated that the radius of the secondary ball is 0.414r. After adding the secondary ball, the void fraction is decreased to 20.70%. The ball radius and void fraction with addition of the following balls were calculated by the same method, and the results were shown in Table 1 . Based on the Horsfield filling principle, B 4 C particles with four different sizes were used as the reinforcement particles in this study. The average sizes of these four particles were 6.5, 23, 36.5, and 70 μm, respectively, the given particle distributions (from the suppliers) of which were 5.5-7.5 μm, 21.3-24.3 μm, 35-38 μm, and 63-75 μm, respectively. The Al particles adapted in this experiment were 70 μm. Seventy-micrometer B 4 C and Al particles were chosen as the primary ball, whereas 23-and 6.5-μm B 4 C particles were chosen as the secondary ball and the tertiary ball, respectively. Reinforcement particles were added up to the tertiary ball, as further addition of finer particles would easily cause B 4 C agglomeration. Figure 1 shows a schematic diagram of the particle filling model. When there is a big difference in particle size between B 4 C and Al, B 4 C particles will agglomerate in the gap between Al particles during the powder mixing period as shown in Figure 1A , and the Al particle cannot wrap the reinforcement tightly after hot rolling. After optimizing design by the Horsfield filling principle, the particles are arranged uniformly as shown in Figure 1B , indicating that the agglomeration tendency is alleviated after hot rolling. Table 2 illustrates the details of B 4 C particle size and mass fraction in the inner layer of the composite. Three types of B 4 C mixture were used, including one-size particles, as well as two-and three-size particles mixtures. The one-size particle-reinforced BRALCs were named as A1, A2, A3, and A4, respectively, whereas the mixing modes for the two-and three-size conditions were marked as B1, B2, B3, B4, and C1, respectively. Among these, B1 and C1 were designed by Horsfield filling model. For the mechanical tests, all the samples were divided into three groups to make relevant comparison. The first group included samples A1, A2, A3, A4, B1, and C1, to study the variation of mechanical properties caused by the particle size and the application of Horsfield principle. The second group consisted of samples A4, B1, and B2 with various mass fractions of 23 μm B 4 C particles from 0 (A4) to 5.6 wt.% (B2). The third group contained B3 and B4. The finer size B 4 C particles in these two-size particle-reinforced BRALCs were changed from 23 (B3) to 36.5 μm (B4).
Experimental installation and process
The BRALCs were produced by a simplified semicontinuous casting method and hot rolling. The outer layer of the composite was pure Al, the inner layer was composed of the mixed particles of Al and B 4 C. The casting method was designed based on our previous work [10] , as shown in Figure 2 . The mixed powders were placed in a stainless steel mold, and supported by an Al plate. The molten metal was poured into the mold to form an Al shell, and the cooling rate was 5.12 K/s. The size of the mold was 100 mm in length, and 70 mm in width and height. During the casting process, the stainless steel dividing plate was elevated at a constant rate, and the mixed powders gradually contacted with the solidified Al. After the stainless steel dividing plate was pulled out of the mold completely, the Al melt was poured on the top of the powders to form a layered ingot.
After the casting process, the layered sample went through hot rolling at 723 K to improve the density of the composites and the bond between layers. The rolling direction is marked in Figure 2 . The initial and final thickness of the rolled sample was 70 and 15 mm, respectively, with pass number 22, and a rolling reduction of 3.57% per pass, which corresponds to a reduction of 78.5% in thickness.
The cross-section of the after-rolling sample is shown in Figure 3A . For microstructural examination, these samples were cut into small sizes (20 mm × 20 mm × 15 mm) by line cutting, then polished to investigate the microstructure using scanning electron microscope (SEM).
All the samples were tested for hardness and impact toughness. The hardness test was carried out at room temperature using a digital Brinell test machine. A steel ball with a diameter of 1.5 mm and with a major load of 125 kg was used during the testing. To reduce errors, the hardness was tested at four different positions of the inner layer and the average value was calculated.
Impact toughness test samples were cut along the transverse direction of the composite. The size of the test samples was 10 mm × 15 mm in cross-section and 100 mm in length. The test was conducted using a 300/150 impact tester. Each test was conducted at least three times and the average value was calculated. Figure 3A shows the impact direction in this work. The tensile strength of the composites was measured with the universal testing machine using samples A2, A3, and A4. The tensile specimens were rolled into a thickness of 5 mm and produced under the guidance of GB/T228.1-2010, the schematic of the specimens was indicated in Figure 3B . The fracture surfaces of the tensile specimens were investigated using SEM. Figure 4 shows micrographs of the inner layer with different B 4 C particle sizes and mass fractions. Figure 4A -D presents the microstructural evolution with increasing B 4 C size in the one-size particle-reinforced BRALCs. It is clear from Figure 4A that 6.5 μm B 4 C particles tend to agglomerate at the grain boundary, particles are mainly distributed in the intergranular gaps due to the large difference between B 4 C and Al particles size. The void in the agglomeration areas induces considerable reduction of the mechanical properties. Figure 4B -D indicates that with the increasing B 4 C size, the particles distribute more uniformly in the matrix. It is noted that B 4 C particles were easily fractured in A4. As the same particle size of matrix and reinforcement (70 μm), some B 4 C particles would intercontact with each other during the particle mixing process. These particles were easily fractured during the hot-rolling process. After application of the Horsfield filling principle, B1 and C1 showed homogeneous particle distribution. However, as more 6.5-μm B 4 C particles were added, part of these fine particles started to agglomerate slightly. To avoid further agglomeration, the Horsfield filling principle was applied to the tertiary ball in the present study.
Results and discussion
Microstructures
Compared with A4, B1 and B2 show fewer 70-μm B 4 C particle fractures with the addition of more 23 μm B 4 C particles. The addition of finer B 4 C particles effectively reduced particle fracture. This tendency can also be observed in other multiple-size particle-reinforced BRALCs.
B3 and B4 changed the finer B 4 C particle size from 23 to 36.5 μm. Due to the large mass fraction of 23 μm B 4 C particles, particles agglomerated at some areas. More 70-μm B 4 C particles fractured in B4 than that in B3. Besides, it can be found that the interval between particles increases with increasing finer particle size.
From Figure 4I , it can be seen that the "secondary ball" distributed in the surroundings of the "primary ball", with the "tertiary ball" distributed in the gap between the "primary ball" and "secondary ball". This microstructural result basically followed the Horsfield filling principle that "the smaller balls locate in the space between bigger balls", and it is close to the Horsfield particle packing model as indicated in Figure 1B . Besides, Al particles also act as primary balls in this experiment. It can be seen from Figure 4I that the deformation of Al particles during the hot-rolling process has no significant influence on B 4 C particle distribution.
In this work, the Horsfield filling principle still works under the condition of nonspherical particles. The particle arrangement based on Horsfield filling principle could reduce the agglomeration of 6.5 μm B 4 C, and further improve mechanical properties. It is considered that the B 4 C shape has no obvious influence on the experimental results.
The interface between reinforcement and matrix is of great importance to the mechanical properties of the composites. A poor bond would badly deteriorate the mechanical properties of the composites. Figure 5 represents the typical SEM image of the inner layer microstructure of A4, in which no obvious reaction product could be found near the interface between Al and B 4 C. To verify the inexistence of interfacial reaction, line scanning analysis was carried out across the interface as marked in Figure 5 . The result indicates that no reaction products were found at the interface, suggesting that there was little reaction between B 4 C and Al in this study. According to Pyzik et al. [16] , B 4 C and Al will react with each other at higher than 873 K. At 873-973 K AlB 2 mainly forms. At 973-1173 K, the reaction products are AlB 2 and Al 4 BC. At 1173-1253 K, primarily Al 4 BC forms. The reaction products are AlB 24 C 4 and a small amount of Al 4 C 3 at a temperature range from 1273 to 1323 K (<5 h). All these hard and brittle reaction products do harm to the mechanical properties of the composite. Therefore, the hot-rolling temperature was set at 723 K in this work to avoid these reaction products. Because the fabrication conditions of the other samples were the same with A4, there should not be reaction products at the interface, which will not be shown in detail here. Figure 6 shows the hardness test results. The hardness test of the first group (A1, A2, A3, A4, B1, and C1) was carried out to reveal the difference between the one-size and multiple-size particle-reinforced BRALCs. Compared with pure Al (16 HB), the hardness of A1 (22 HB), A2 (40.77 HB), A3 (37.39 HB), A4 (34.15 HB), B1 (39.05 HB), and C1 (39.46 HB) increased by 37.5%, 154.8%, 133.7%, 113.4%, 144.1%, and 146.6%, respectively. This fact can be analyzed through the rule of mixtures [17] . The addition of B 4 C enhances the hardness of the composites, this relationship can be described by the following equation:
Hardness test
where H is the hardness value, f is the mass fracture. The subscripts c, m, r refer to composite, matrix, and reinforcement, respectively. The hardness value of B 4 C is far greater than that of Al matrix; therefore, the hardness of the composite significantly exceeds that of the matrix. The equation also indicates that with the increase of B 4 C mass fracture, the hardness of the composite increases. It is considered that the hardness of composites should be the same when adding identical B 4 C mass fraction based on Equation 1. However, according to the results, the hardness increases with the decrease of the B 4 C size under the same condition of B 4 C content, indicating that the size and ratio play an important role in the mechanical properties. There is also an exception of A1, the agglomeration of B 4 C particles at the grain boundary causes a decrease of the matrix-reinforcement bond, as well as its mechanical properties.
The Horsfield filling principle effectively reduces B 4 C particle agglomeration in the inner layer. Therefore, the hardness of B1 and C1, which were optimally designed and close packing, were higher than those of the A1 and A4. Based on the Horsfield filling principle, C1 has a better structure than B1 due to the addition of 6.5 μm B 4 C particles, its hardness is higher than B1 as a result.
The second group represents the variation of hardness caused by different 23 μm B 4 C mass fraction and includes samples A4, B1, and B2. The mass fraction of 23 μm B 4 C in those samples was 0%, 2.8%, and 5.6%, respectively. The results indicate that by increasing the 23 μm B 4 C mass fraction, the hardness increases. B2 possesses higher hardness (39.5 HB) compared with B1 (39.05 HB), and A4 (34.15 HB). The results in the third group suggest that with fine size B 4 C in two-size particle-reinforced BRALCs changing from 23 to 36.5 μm (B3 and B4), the hardness decreases from 40.33 HB to 39.62 HB.
It can be concluded that with decreasing B 4 C particle size in one-size B 4 C-reinforced AMCs as well as with increasing fine B 4 C mass fraction in multiple-size B 4 C-reinforced AMCs, the hardness of the composites increases.
Three main mechanisms have been speculated to increase strength in particle-reinforced metal composites, including [18] (1) Orowan strengthening from dislocation bowing by reinforcement particles; (2) Hall-Petch strengthening from grain refinement; and (3) residual stress caused by the difference of coefficient of thermal expansion (CTE) as well as elastic modulus between matrix and reinforcement, which will hinder the motivation of the dislocation.
The Orowan mechanism is caused by the resistance of closely spaced hard particles to the passing of dislocations in nanostructured materials. It is widely acknowledged that Orowan strengthening is not significant in the microsized particle-reinforced metal matrix composites because the reinforcement particles are coarse and the interparticle spacing is large [19] . On the other hand, in this experiment, the fabrication condition and Al powders of the inner layer in all samples were the same, thus the difference in the grain size could be ignored. The grain refinement did not contribute as a main reason for the increasing hardness. Therefore, the difference of the CTE as well as elastic modulus between matrix and reinforcement leads to increasing composite strength. The difference of CTE and elastic modulus generates geometrical dislocations and thermal residual stresses during the hot-rolling process [20] , which will hinder the motivation of the dislocation, and enhance the hardness of the composites. Besides, according to Williams' work [21] , due to plastic incompatibility between the reinforcement and matrix, dislocation tangles form around the particles. The cell structure dislocation with a cell size inversely proportional to the reinforcement particle size could contribute to the increase in strength, which should be the main reason for the increase of hardness with reinforcement particle size decreasing.
It can be seen from the test results that only slight differences occur among samples B1, B2, B3, and B4, which seems statistically insignificant. However, these results reflect the role of the hardness test, and need to be further discussed in this study.
It can be concluded from the role of the hardness test that reinforcement particle type, mass fraction, and distribution condition are major factors that determine the hardness value of particle-reinforced AMC, differences of which lead to a significant variation in hardness, whereas residual stress in the interface between matrix and reinforcement, which is formed during the hot-rolling process in this experiment, plays a secondary factor and slightly influences the hardness value [22, 23] . These discussions are in accordance with the results indicated in Figure 6 . In this experiment, as the mass fraction of B 4 C was 40%, particle distribution condition was the major factor that determined hardness value. It can be seen from Figure 2A -D, with increasing B 4 C particle size (from 6.5 to 70 μm), the B 4 C particle density per unit area decreased significantly, leading to an obvious variation in hardness (from 22.32 to 40.77 HB). For two-size B 4 C-reinforced AMCs (samples B1, B2, B3, and B4), the variation of reinforcement size and mass fraction slightly influences B 4 C particle distribution condition, no obvious variation in the B 4 C distribution condition could be observed. Therefore, residual stress is the main reason for the fluctuation in hardness among these samples. Because it is a secondary factor that determines hardness variation, only slight changes occur. Figure 7 shows the results of impact toughness tests. For the first group samples, with increasing particle size, the impact strength increases. A4 shows the highest impact strength (163.2 J), whereas A1 displays the lowest (32.8 J). The impact strength of B1 (146 J) is higher than that of C1 (51.5 J).
Impact toughness
The result of the second group shows that with increasing finer size B 4 C mass fraction, the impact strength decreases. A4 acquires the highest impact strength (163.2 J) as compared to B1 (146 J) and B2 (122 J). The comparison between B3 and B4 shows that the increase of finer B 4 C particle size leads to increasing impact strength. B4 acquires higher impact strength (98 J) than B3 (77 J).
It can be concluded that increasing the mass fraction of coarse B 4 C particles results in an increase of impact strength. A previous study indicates that reinforcement particles work as potent sites for the nucleation of porosities [24] . It has been found that for particle-reinforced metal matrix composites, the following relationship is applicable [17] :
where λ is the distance apart from the reinforcement, f is the fractional volume of the reinforcement, and r is the radius of the particles (assumed spherical). Therefore, the smaller the size of B 4 C, the shorter the distance between particles. This facilitates linkage between neighboring voids and microscopic cracks [25] . Besides, with the increase of B 4 C size, there is more Al matrix in the inter particle regions. It may enhance the impact toughness because the matrix material has a significant effect on the impact behavior of composites [26] . The residual stress also contributes to the difference of impact strength. More residual stress will form in the interface of finer particle-reinforced BRALCs during the hot-rolling process, which further makes the fracture growth easier.
The low impact strength of A1 is caused by the particle agglomeration, which decreases the matrix-reinforcement bond. Moreover, the agglomerated particles separate easily under impact loading, which makes agglomeration areas preferential sites for crack nucleation and propagation [25] . When these two failure reasons combine, the impact strength of A1 decreases considerably. 
Tensile test
The tensile test was conducted among samples A2, A3, and A4 to investigate the interfacial bond between B 4 C and Al, as well as the reasons for the fracture. Figure 8 shows the results of ultimate tensile strength, which indicates that the ultimate tensile strength increases with the increase of B 4 C particle size. For particle-reinforced AMC produced by powder metallurgy technique, the relation between ultimate tensile strength value variation tendency and relative particle size of reinforcement and matrix can be described by the following equation [27] :
where A is a constant, x means the size ratio of matrix and reinforcement (i.e. Al particle and B 4 C particle). According to the theoretical prediction, the ultimate tensile strength increases with the increase of reinforcement particle size. The more interfacial residual stress and shorter reinforcement particle distance of fine particle-reinforced BRALCs lead to lower ultimate tensile strength. Figure 9 shows the fracture surfaces of these samples, the fracture surfaces of A3 and A4 involve dimples. For a composite undergoing elastic loading [21] , a significant fraction of the stress is initially borne by the reinforcements. When the composite undergoes microplastic yielding, microplasticity in the composites takes place locally with high stress concentrations. The dimples should be the result of the void nucleation and subsequent coalescence by strong shear deformation. The main reason for the fracture in A2 was the formation and growth of fracture around the B 4 C particles. Whereas the reason in A4 was the nucleation and coalescence of the void in the matrix because no obvious fracture formation was observed around the B 4 C particles. The reason for the fractures in A3 included fracture growth and void coalescence. Larger areas of fracture growth were observed in A2 than those in A3 and A4. For A2, the agglomerated particles were the sites for damage accumulation and the local particle-rich regions were the most favorable nucleation sites for the cracks, the damage generated in the particlerich regions were due to the higher stress concentration at small strains [28] [29] [30] . From the reasons for the fracture, it can be considered that more residual stress exists in the interface between matrix and fine reinforcement, which can be attributed to the increasing hardness value. Figure 9 also indicates that there are a few instances of decohesion between the reinforcement and the matrix, which proves good interfacial bond. Hot rolling is a good way to decrease the number of pores in the composites and acquire a good bond between matrix and reinforcement.
Conclusions
In this study, the influence of B 4 C particle size and mass fraction on the mechanical properties of the layered Al-B 4 C composite was investigated. The following results were obtained: 1. Horsfield filling principle can reduce B 4 C agglomeration areas in the inner layer. 2. By increasing the B 4 C particle size and decreasing fine B 4 C mass fraction, the hardness decreases whereas the ultimate tensile strength and impact strength increase. 3. More residual stress exists near the interface between the matrix and fine reinforcement, which contributes to the increasing hardness and decreasing ultimate tensile strength as well as impact strength. Furthermore, the shorter distance between B 4 C particles further decreases ultimate tensile strength as well as impact strength.
